INTRODUCTION
In general buildings, short columns are designed as structural members having a high stiffness with low ductility. Due to their high stiffness, they are often subjected to relatively large lateral forces with small lateral displacements, resulting in brittle shear failure. Therefore, short columns usually dominate the seismic behavior of the buildings in earthquakes. Their lateral stiffness, shear strength, shear strength degradation, and collapse behavior significantly influence the seismic behavior of the whole structure. Due to aforementioned features, an inappropriate seismic evaluation on buildings containing short columns would result in expensive and inefficient retrofitting schemes.
Although the seismic response of short columns is dominated by shear force, it remains inconclusive whether the determining factor for column stiffness is primarily from shear deformation or from flexural deformation. Several researchers suggested that for columns with a shear-depth ratio larger than 5 (Sezen and Moehle 1 ) or larger than 2.5 (Brachmann et al. 2 ), the contribution of shear deformation to the total lateral deformation of a column was less than the contribution of the flexural deformation. More experimental evidence is required, however, to study whether this observation is also applicable to short columns with a column height-depth ratio less than 2. An underestimation of shear deformation in short columns would cause an overestimation of their stiffness, leading to a false appearance of premature failure. Secondly, in general buildings, short columns belong in the category of short and deep members, the shear strength of which, according to specifications in ACI 318-11, 3 should be determined based on strut-and-tie models. Seismic evaluation and retrofitting standard ASCE/ SEI 41-06 Supplement 1, 4 however, uses the same empirical equation to calculate shear strength for both short and typical columns. The applicability of that equation to short columns has yet to be verified.
Moreover, the degradation of the shear strength, whether it occurs rapidly or gradually, significantly affects the lateral strength of the whole structure. If the degradation is rapid, a vertical line is used to simulate the lateral load-deflection curve. Otherwise, if the degradation is gradual, an inclined line with a negative stiffness can be adopted. ASCE/SEI 41-06 Supplement 1 4 considers the degradation of short column shear strength as a rapid process. In both Elwood and Moehle, 5 which studies the axial load-carrying capacity of columns, and Wallace et al., 6 an investigation on historical disasters caused by failure in structural wall piers, it is believed that as soon as the peak strength is reached, vertical members would lose lateral resistance, but not their axial load-carrying capacity, and degradation of their shear strength occurs gradually so that a straight line with a negative gradient should be employed to model the member's lateral strength degradation curve. In addition to the degradation of shear strength, the collapse behavior of short columns caused by the loss of axial load-carrying capacity is also important. ASCE/SEI 41-06 Supplement 1 4 recognizes that columns failed in shear do not lose their vertical load-carrying capacity immediately after reaching their maximum strength, suggesting that short columns still have deformation capacity even after shear failure. Currently, the lateral displacement after the loss of axial load-carrying capacity can be calculated using tables. 4 Their validity in estimating the point of collapse in shear-failed columns, however, still needs to be studied.
Based on the aforementioned discussion, more experimental data is required to obtain a clear understanding of the actual behavior of short columns and to clarify the issues raised. The PEER Center column database published by Berry et al. 7 collects comprehensive experimental data from research conducted on columns. Data on shear failure columns, however, is very limited. Thus, this paper provides experimental study for eight short column specimens. 8 These eight specimens are expected to produce a clear description of the stiffness, strength, and post-strength behavior of short columns until their complete loss of vertical load-carrying capacity. Experimental results are compared against the Institute. All rights reserved, including the making of copies unless permission is obtained from the copyright proprietors. Pertinent discussion including author's closure, if any, will be published ten months from this journal's date if the discussion is received within four months of the paper's print publication. current standard ASCE/SEI 41-06 Supplement 1. 4 The shear strength prediction for short columns based on the softened strut-and-tie model 9 is also recommended.
RESEARCH SIGNIFICANCE
The aim of this paper was to observe the seismic behavior of short columns that have failed in shear under simulated seismic loading. The effects of various parameters, such as the aspect ratio, the hoop ratio, and the axial load ratio on the seismic behavior of short columns were investigated. Experimental results were compared against the current seismic evaluation and retrofitting standard for existing buildings, ASCE/SEI 41-06 Supplement 1. 4 Recommendations regarding seismic simulation of short columns were then proposed, and the shear strength estimation using the softened strut-and-tie model 9 was also provided.
EXPERIMENTAL INVESTIGATION

Specimens and design
The purpose of this experiment 8 was to investigate the effects of various parameters on the seismic behavior of short columns that failed in shear under a constant axial load. Three parameters that were known to impose significant impact on this behavior were selected. These were the aspect ratio, the hoop ratio, and the axial load ratio. The column aspect ratios adopted in this study were 1 and 2. The column specimens had either ductile detailing (D) or non-ductile detailing (N). Specimens with ductile detailing complied with the requirements in the seismic standard, 3 while those with non-ductile detailing did not. Axial load ratios were 0.1A g f c ′ (L) and 0.3A g f c ′ (H), respectively. Eight specimens were constructed and subjected to double curvature deformation to investigate the effects of each of the three different parameters on the seismic behavior of short columns. Specimens were named according to the order of their parameters. As an example, a short column specimen with an aspect ratio of 2 and had ductile detailing under low axial load was named 2DL. The test specifications and details of the specimens are presented in Table 1 and Fig. 1 , respectively.
All specimens of short columns in this study had a 300 x 500 mm (11.8 x 19.7 in.) rectangular cross section. Because the aspect ratios adopted were 1 and 2, the corresponding column heights were 500 and 1000 mm (19.7 and 39.4 in.). Because the aim was to observe seismic behavior of short columns in shear failure, 12 No. 7 steel bars were employed as the longitudinal reinforcement in the columns. This large amount of longitudinal reinforcement can keep the flexural behavior of column in elastic range, which enables shear failure and excludes flexural shear failure mode. The longitudinal reinforcement ratio of 3.1% is a bit higher for the non-ductile columns, which is beneficial for column stiffness and collapse resistance. Deformation due to slip is small if column longitudinal steels remain in elastic range. Collapse resistance is preserved if buckling of column longitudinal steels is prevented due to a lower stress level. These influences of higher column longitudinal ratio will be commented on in a following section.
The yield strength of the reinforcement was 438 MPa (63.5 ksi). For specimens that had ductile detailing, No. 4 bars with 100 mm (3.94 in.) spacing were used for the hoops, and the area ratio of the hoops was 1.27%, while No. 3 bars with 200 mm (7.87 in.) spacing were used for those with non-ductile detailing, and the area ratio was 0.24%. The yield strengths for No. 3 and No. 4 bars were 458 and 430 MPa (66.4 and 62.4 ksi), respectively. The specimen elevation and cross-sectional detailing of the reinforcing was set up as shown in Fig. 1 . The design strength of the concrete used in this study was 20.6 MPa (3.0 ksi), and the actual concrete compressive strength is approximately 23.4 to 27.5 MPa (3.4 to 4.0 ksi). The concrete strength of each specimen can be found in Column (5) of Table 1 . The applied axial loads were 365 and 1094 kN (82 and 246 kip) for 0.1A g f c ′ and 0.3A g f c ′, respectively. The axial load applied on each specimen can be found in Column (4) of Table 1 . All specimens were cast vertically.
Test program and instrumentation
Based on the characteristics of double curvature deformation, the loading system consisted of two horizontal and two vertical hydraulic actuators (Fig. 2) . It was ensured that the horizontal resultant force passed through the center of the column, that is, the point of inflection for a double curvature bending. A constant axial load was applied on the specimen by the vertical actuators. The vertical deformation was identical in the two vertical actuators to ensure that double curvature deformation of the column was tested. This experiment simulated the seismic behavior of short columns under constant axial load and cyclic lateral loading. Cyclic loading with a loading history was applied as specified in ACI 374.1-05. 10 Setting the drift ratio being the control parameter, the specimen was loaded with increasing drift ratio, with each setting lasting for three cycles. The load history is presented in Fig. 3 . The seismic behavior of short columns can be further understood through careful measurement of specimen deformation. Therefore, external measuring instruments, including linear variable differential transducers (LVDTs), dial gauges, and tilt meters, were employed to measure specimen deformations during loading. The arrangement of the instruments is depicted in Fig. 4 . The LVDT was used to measure the lateral deformation of the specimen, Δ 1 and Δ 2 . δ ℓ and δ r are the slip deformations at the interface between the specimen and the top beam. The left and right dial gauges in the measurement element measured the diagonal deformations of the specimen, δ diali,ℓ and δ diali,r . The tilt meter was used to measure the change in the rotation angle of flexural deformation, θ i .
TEST OBSERVATIONS
All of the specimens were designed to fail by shear failure to observe the effects of the parameters on the seismic behavior of short columns. In investigating crack development, Fig. 5 shows crack patterns that had developed in the specimens at peak strength. According to Fig. 5 , cracks in all specimens were found to be primarily diagonal cracks. There was concrete crushing and disintegration at the ends of the diagonal struts due to a concentration of diagonal compressive stress. This type of concrete crushing in the diagonal cracks observed in experiments has been often classified as a shear failure. It was observed that more cracks seemed to develop in specimens with ductile detailing (D series) than in those with non-ductile details (N series). Figure 6 contains pictures of specimens before the loss of vertical loadcarrying capacity. It can be seen from Fig. 6 that the main reason for the loss of column vertical load-carrying capacities is due to the loss of shear friction capacity along the inclined crack surface. This is consistent with the finding of Elwood and Moehle. 5 Moreover, when short columns undergo large deformation after peak strength, a large relative dislocation at the intersection of diagonal cracks is observed, which results in apparent concrete crushing. This, however, is due to the loss of column vertical load-carrying capacity, but not behavior associated with the shear strength mechanism.
Hysteretic loops for each specimen are shown in Fig. 7 . According to the lateral load deflection curves, lateral strength of specimen seems to degrade rapidly once the maximum strength is reached. A negative gradient of degradation exists, however, instead of being a vertical gradient. This type of lateral load deflection curve is usually considered to be associated with members that have failed in shear. The maximum lateral strength V max , lateral displacement at the maximum strength Δ max , and displacement at collapse Δ a , negative stiffness near peak strength for each of the specimens are tabulated in Columns (2) through (5) of Table 2 . Calculations of each specimen's nominal flexural strengths show that their maximum strengths V max were less than the nominal flexural strengths. Therefore, it can be reconfirmed that the failure mode of short columns under study is shear failure.
Based on the experimental observations and hysteretic loops (Fig. 7) , most of the vertical load was still carried by the concrete after reaching the peak strength. As the lateral displacement increases, the degradation of shear strength is expected. For the specimen under low axial load (L series; 0.1A g f c ′), bilinear shear degradation curve was observed. The rapid shear strength degradation was mainly due to the cracking and crushing of concrete. Meanwhile, shear degradation with smaller gradient came from the axial load resistance of the high percentage ratio of the longitudinal reinforcement. In comparison, buckling of reinforcement occurred in specimens under high axial load (H series; 0.3A g f c ′) and, as a result, no bilinear strength degradation curve was observed. The unusual large amount of main reinforcement used in this experiment exceeded normal conditions, and so the contribution of longitudinal reinforcements to the collapse displacement Δ a should not be considered. The collapse displacement Δ a in Column (4) of Table 2 was determined differently for the L and H series. For L series specimens, the segment of the degradation with smaller gradients caused by longitudinal reinforcements was deducted. The collapse displacement is then modified as the intersection of the negative stiffness with x-axis. For H series, more than 20% loss in axial load was taken to be the collapse point, where vertical load-carrying capacity is lost. The locations of the collapse displacement Δ a listed in Table 2 are marked in Fig. 7 .
The test results in Table 2 and Fig. 7 were compared according to each of the main experimental parameters. When examining the axial load ratio, specimens under high axial load (H series) seemed to exhibit a larger lateral strength V max (Column (2) of Table 2 ) than those under low axial loading. The corresponding lateral displacement Δ max , however, was smaller (Column (3) of Table 2 ). This indicated that the secant stiffness of H series specimens was larger. When examining strength degradation, severe deterioration of concrete was found to occur after peak strength due to the effect of high axial load, which resulted in greater degradation gradient. Specimens in the H series, therefore, had a smaller collapse displacement Δ a (Column (4) of Table 2 ) because they were more susceptible to collapse due to the severe concrete deterioration. The main crack angle (angle with horizontal axis θ) was found to increase with increasing applied axial load ratio (Fig. 5) .
The lateral strength of the specimens with an aspect ratio of 1 (1 series) did not increase with the increase in hoop ratio, but the maximum lateral strength of the specimens with an aspect ratio of 2 (2 series) and that of D series specimens did show an increase (Column (2) of Table 2 ). The shear strength of the shorter columns (1 series) seems insensitive to amount of transverse reinforcement. This can be explained by the crack patterns in Fig. 5 . As shown in Fig. 5(a) to (d) , only the diagonal cracks (struts), oriented from the loading points to the supports, were observed. Because the shear strength is governed by concrete crushing near the ends of the diagonal struts, the transverse reinforcement contribute little to shear resistance. For the specimens of 2 series, Fig. 5 (e) to (h), not only the diagonal struts, but also the secondary-struts with milder inclination angles, appeared. These secondary struts can be developed due to internal supports of the transverse reinforcement. The participation of the secondary struts can activate more concrete for shear resistance. Therefore, the shear strength for the specimens of 2 series did increase with the increase in the amount of transverse reinforcement.
With regard to the lateral displacement Δ max corresponding to the maximum lateral strength, the values of Δ max of specimens with ductile detailing was larger than those with non-ductile detailing. Moreover, because ductile specimens have a higher hoop ratio, the crack width was more restrained so that the strength degradation of concrete became slower, which is marked by a smaller degradation gradient (Column (5) of Table 2 ). Therefore, in comparison, specimens with ductile detailing seemed to have a larger collapse displacement Δ a . The maximum lateral strength of specimens with an aspect ratio of 1 was larger than the strength of those with an aspect ratio of 2. The former also had a smaller lateral displacement corresponding to the maximum lateral strength and larger secant stiffness.
CONTRIBUTIONS OF FLEXURE, SLIP, AND
SHEAR DEFORMATIONS ASCE/SEI 41-06 Supplement 1 4 mentions that lateral deformation of column members consisted of three components, namely flexural, shear, and slip deformation. In view of this, the ratios of these components to the total lateral displacement were investigated in this study by measuring the amount of each deformation. Using external measuring instruments with various functions placed at different positions, flexural and shear deformation, as well as slip deformation, could be calculated approximately. Flexural deformation was determined from tilt meter measurements (Fig. 4) . The average curvature was calculated as the difference between measurements from the top and bottom tilt meters divided by the distance. The flexural deformation was then obtained by integrating the average curvature along the height of the column.
The method of calculating slip deformation differed from that for flexural deformation, and additional instruments were required. The difference between deformations δ ℓ and δ r (Fig. 4) was first measured by the LVDT at the interface of column specimen and the top beam. Dividing the distance between δ ℓ and δ r and deducting the result from the rotation angle at the top of the column gives slip deformation. Shear deformation was calculated by first obtaining average shear strain from length variations captured by diagonal dial gauges, and then summing the products of average shear strain and the height of measurement element.
The sum of flexural, slip, and shear deformations calculated from the procedures outlined previously is the total deformation Δ sum . A comparison of the calculated Δ sum and the observed lateral deformation at peak strength Δ max (=Δ 1 -Δ 2 , as demonstrated in Fig. 4) is shown that the average ratio of the calculated to the observed total deformations was approximately 0.84, and the coefficient of variation was approximately 23%. Such a great discrepancy could be attributed to the fact that the arrangement of instruments was not adequate. For example, in measuring the flexural curvature, the current instruments could only capture the averaged curvature within segments. The effect of flexural cracking cannot be handled well due to an insufficient number of tilt meters. This inevitably resulted in numerical errors. A number of assumptions were made in deformation calculations, which may also be source of error. Despite the inherited errors, the relative ratio of each deformation component to the total column deformation is still worth noting. Figure 8 plots the histogram of the total lateral deformation at peak strength Δ max , which uses the calculated ratios of flexural, slip, and shear deformation in each specimen. It can be observed from Fig. 8 that shear deformation is the most dominant component of the lateral deformation of short columns as it holds the highest percentage ratio. Its proportion for specimens with an aspect ratio of 1 (1 series) reaches an average of approximately 70%, and this number becomes 60% for the 2 series. According to Sezen and Moehle, 1 slip deformation contributes to a very large proportion of the lateral displacement in typical columns. This, however, is not the case for short columns with a high ratio of longitudinal reinforcement that have failed in shear. The reason for this is that, in short columns failed in shear, longitudinal reinforcement is not yield, and the resultant rotation angle of slip deformation is small. This, in combination with the short column height, renders a low contribution from slip deformation. The 1 series specimens had less slip deformation compared with 2 series specimens due to the smaller deformation in the longitudinal reinforcement and reduced column height. Furthermore, the column longitudinal reinforcement is not yield, and thus flexural deformation also accounts for a low percentage. Flexural deformation seemed to be affected by a change in axial forces and, as a result, specimens with larger axial compressive loads were found to have smaller flexural deformation.
STRAIN DISTRIBUTION OF HORIZONTAL HOOPS
It was noted from the experimental observations and crack development (Fig. 5 ) that the shear failure mode of short columns was from concrete crushing under diagonal compressive stresses which belongs to the force transfer mechanism in strut-and-tie models. Horizontal hoops seemed to play the role of ties in this mechanism. In strut-and-tie models, ties are able to generate additional secondary struts to the diagonal strut so that more concrete is able to participate in the force transfer improving the shear strength of short columns. Therefore, the role that horizontal hoops play in the strutand-tie force transfer mechanism can be better understood from strain measurements of the horizontal hoops. The horizontal hoop ratio was therefore also one of the main parameters in this experiment. By observing the strain distribution of the horizontal hoops along the column height, their effectiveness in seismic resistance could be evaluated. Figure 9 shows the strain distribution of the horizontal hoops along the column height in specimens with aspect ratios of 1 and 2, respectively. The transverse steel strain gauges were attached on the cross-ties in the specimens with ductile detailing, whereas they were attached to the outer side of hoops in the specimens with non-ductile detailing. Because the outside legs and the inner cross-ties of the transverse reinforcement should provide equal contributions for shear resistance, the influence of the different position of the strain gauges in this investigation can be neglected. In Fig. 9 , the horizontal axis was normalized by dividing by the yielding strain. The vertical axis was the vertical distance between the strain gauge and the bottom of the column.
According to the strain distribution plots of the horizontal hoops along the column height in Fig. 9 , hoops in the specimens with ductile detailing (D series) did not yield due to the higher hoop ratio. Hoops in the specimens with non-ductile detailing (N series), on the other hand, did yield due to their lower hoop ratio. Hoops in the specimens with an aspect ratio of 2 (2 series) had larger strains due to the large angles between the main cracks and the horizontal hoops (Fig. 5) ; in other words, the hoops are highly effective because the orientation angle between the direction of the principle tensile stress and hoops is small. Finally, it can be seen from Fig. 9 that hoops at the midheight of the column were highly effective, while those close to the top or bottom were less effective. If an individual hoop formed a strut-and-tie mechanism as indicated in Fig. 10 , the horizontal hoop is more effective when the angles of the top and the bottom struts (θ 1 and θ 2 , as shown in Fig. 10 ) are between 25 and 65 degrees. If any strut angle exceeds this range, the horizontal hoop would be less effective. 4 is one of the main standards for the seismic evaluation and retrofitting of existing buildings. It gives explicit estimations of lateral load and deflection curves for structural members. In this study, experimental results were compared with the analytical results obtained from ASCE/SEI 41-06 Supplement 1. 4 The formula given in ASCE/SEI 41-06 Supplement 1 4 for estimating a short column's shear strength V n is shown as follows 
COMPARISON WITH SEISMIC EVALUATION MODELS
where A st stands for the area of transverse reinforcement; f yt is the yielding strength of transverse reinforcement; d is the effective depth of the column cross section; s is the hoop spacing; N is the axial force; f c ′ is the concrete compressive strength; A g represents the gross cross-sectional area of the column; and M and V are the moment and shear force at the cross section with the maximum bending moment under the design load. The value of M/Vd lies between 2 and 4. For members with displacement ductility less than or equal to 2, k = 1; and k = 0.7 for members with displacement ductility more than or equal to 6. For members with displacement ductility between 2 and 6, k is obtained through linear interpolation. The value of k is taken as unity for this test group. The displacement at the peak strength would be the sum of the flexural deformation and the shear deformation. Due to the employment of double curvature deformation in this experiment, flexural deformation was calculated by assuming both ends as fixed ends. Shear deformation can be found using the elastic mechanics formula. The deformation at maximum strength is shown as follows
where EI eff is the effective flexural rigidity; 0.4E c A w is the shear rigidity; and H is the column height. The effective rigidity in Eq. (2) was obtained from Table 6 -5 in ASCE/ SEI 41-06 Supplement 1. 4 The displacement at the point of collapse was calculated from the axial load and hoop ratio using Table 6 The ratios of the tested values to the calculated values are tabulated in Column (6) of Table 2 . ASCE/SEI 41-06 Supplement 1 4 seems to overestimate the strength in specimens with ductile detailing (D series), while underestimating that in specimens with an aspect ratio of 1 and non-ductile detailing (1N series). It achieves reasonable accuracy only in the prediction of the strength in specimens with an aspect ratio of 2 and non-ductile detailing (2N series). The overall coefficient of variation for the strength ratio is as high as 45%, which indicates a lack of accuracy in prediction. Because specimens of short columns in this study fail by concrete crushing of the struts, it would be more appropriate to adopt strut-and-tie models to predict their strength. There is a concern for the applicability of the strut-and-tie model to the deep members subjected to dynamic loading.
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Successful shear strength estimations using strut-and-tie models for deep beams 12 and beam-column joints 13 subjected to cyclic loading, however, were achieved. It is believed that strut-and-tie models can be used for shear strength estimation of structural members subjected to reversed cyclic loading, such as short columns failed in shear. If nonlinear flexure and shear interaction is involved in seismic resisting behavior, a special consideration should be included in strutand-tie modeling, as indicated by Scott et al. 14 It can be seen from Column (7) of Table 2 that ASCE/ SEI 41-06 Supplement 1 4 greatly underestimates the deformation at the member's maximum strength, particularly for specimens with an aspect ratio of 1 and non-ductile detailing (1N series). According to Fig. 8 , the main reason for this could be attributed to the underestimation of the shear deformation in short columns. Use of the equation derived from elastic mechanics in ASCE/SEI 41-06 Supplement 1 4 results in significant underestimation of the shear deformation of short columns. In predicting the point of loss of vertical load carrying capacity, ASCE/SEI 41-06 Supplement 1 4 produces satisfactory results for specimens with ductile detailing (D series) and conservative results for specimens with nonductile detailing (N series), as shown in Column (8) of Table 2 .
According to test observations, the shear strength of short column is developed when concrete crushing occurs at the ends of the diagonal strut. Therefore, it is rational to use a strut-and-tie model to predict the shear strength of the short column. The softened strut-and-tie model 9 is chosen for further illustration. Figure 11 shows the force transfer mechanism in a short column based on the softened strutand-tie model. 9 By assuming the failure criteria as the concrete crushing near the ends of the diagonal strut, the shear strength V n,SST can be estimated as where C d is the diagonal compressive strength, θ is the inclination angle of the diagonal compression strut with respect to horizontal axis, K is the strut-and-tie index, ζ is the softening coefficient of the cracked reinforced concrete in compression, and A str is the effective area of the diagonal strut. Above parameters particularly associated with short column are defined as follow, and the rest can be found in the reference of Hwang and Lee. 9 As shown in Fig. 11 , the inclination angle θ can be expressed as
where ℓ h is the horizontal distance between the resultants of column compression zones top and bottom. By assuming the elastic flexural compression zones of column, the value of ℓ h can be estimated as
where h is the depth of column; and kd is the depth of the flexural compression zone of the elastic column. Following the suggestion of Paulay and Priestley, 15 the value of kd can be approximated by
The effective area of the diagonal strut A str can be assumed as
where b is the width of column. The softening coefficient ζ is defined as Table 2 compared the measured shear strengths with predictions of the softened strut-and-tie model. The mean of the test-to-calculated strength ratio was 1.25, with a coefficient of variation of 0.12 (Column (9) of Table 2 ). It is confirmed that the shear strength of the short column can be better estimated using the strut-and-tie model.
CONCLUSIONS
Eight short column specimens were tested to observe their behavior when subjected to seismic loading. Experimental results were also used to evaluate the capacity of current seismic evaluation and retrofitting standard ASCE/ SEI 41-06 Supplement 1 4 to predict the seismic behavior of short columns, and amendments were subsequently recommended.
According to the test results, specimens with a high axial load ratio, non-ductile detailing, and a small aspect ratio seemed to have higher secant stiffness compared with those with a low axial load ratio, ductile detailing, and a large aspect ratio. Meanwhile, the shear strength for specimens with high axial load ratio, ductile detailing, and a small aspect ratio is higher compared with those with a low axial load ratio, non-ductile detailing, and a large aspect ratio. From the measurements of flexural, slip, and shear deformations, it was noticeable that the lateral deformation of short column members failed in shear was mainly dominated by shear deformation. For specimens with an aspect ratio of 1 (l series), the average percentage of shear deformation reached as high as roughly 70%, while specimens with an aspect ratio of 2 (2 series) stayed at around 60%. Results also show that after maximum strength is achieved, concrete still possesses vertical load-carrying capacity. Concrete deterioration worsens as the lateral displacement increases, which results in a strength degradation curve with a negative gradient. The displacement at the point of collapse Δ a decreases with increasing axial load, and increases with an increasing amount of transverse reinforcement.
Experimental results reveal that the force transfer mechanism in short column members was consistent with the strut-and-tie model, and that the shear failure was caused by concrete crushing at the ends of struts. It is further confirmed that the shear strength estimations obtained by the softened strut-and-tie model 9 are better than those predicted by ASCE/SEI 41-06 Supplement 1. 4 Therefore, it was recommended that strut-and-tie models be adopted to estimate the shear strength of short columns.
The lateral deformation of the short columns was noticeably underestimated by ASCE/SEI 41-06 Supplement 1. 4 This was attributable to the underestimation of shear deformation. The formula used to calculate shear deformation was derived from elastic mechanics and, evidently, did not fit the Fig. 11 -Force-transfer mechanism by SST model. 9 actual behavior of cracked reinforced concrete. Analytical results indicate that the degree of underestimation worsens for specimens with non-ductile detailing (N series). In simulating column behavior after peak strength, a vertical line estimation of strength degradation of ASCE/SEI 41-06 Supplement 1 4 produces overly conservative results, but it would be more appropriate to use a straight line between the point of peak strength and the point of collapse instead, which results in a negative gradient. The estimation of the displacement at the point of collapse by ASCE/SEI 41-06 Supplement 1 4 was found to be more accurate for specimens with ductile detailing (D series), while it was found to yield conservative results for specimens with non-ductile detailing (N series).
